Abstract: A novel design for compact customizable tunable EBG (Electromagnetic Bandgap) filter is proposed. The tunable filter is implemented in RO4350 substrate using PCB (Printed Circuit Board) process with surface mounted solid-state varactors and lumped capacitors. Its frequency is tuned by adjusting applied voltages of the varactors. The filter is unique that it is capable to be tuned in customizable specified frequency range by selecting the lumped capacitors. The simulated and measured results of the proposed filter are found to be in good agreement. It is demonstrated that a two-pole filter with size of 3.20×3.90×1.52mm 3 in PCB achieving performance of a tuning range of 5.3-6.3 GHz with a 1-dB fractional bandwidth below 6.35% and a constant insertion loss of 4.4dB±0.2dB.
In this paper, a novel design of an EBG based tunable filter is proposed to achieve targeted performance while alleviating the constraints imposed by aforementioned process, size and frequency issues. To implement a compact customizable tunable EBG filter on demand, an external varactor and a lumped capacitor are introduced to a standard EBG substrate to tune the filter's working frequency. By selecting certain lumped capacitors, the tuning band of the filter is customized. The filter is tuned in the band by adjusting applied voltages of varactors. Working frequency of the filter is mainly determined by the capacitances of external surface mounted capacitors and varactors. Therefore, a relatively low working frequency can be achieved by a filter with a compact size. A filter designed to be tuned in 5.3-6.3GHz with footprint of 3.20mm×3.90mm and lattice period of 0.85mm by 1.20mm is presented in a two layer metal PCB technology. Effectiveness of our design is verified by the agreement between simulation and measurement results. Fig. 1 (a) is the proposed tunable EBG filter. This two-pole EBG filter realized by two symmetrical resonators has copper posts placed periodically in a rectangular lattice. The small spacing between those posts contributes to an effective energy confinement. Energy coupling between adjacent resonators is affected by via post's diameter. Internal energy coupling coefficient and bandwidth of the filter can be adjusted by changing the diameter. To couple signal energy into the EBG frame made up of copper posts, an energy transition and coupling circuit is designed on the top plate as depicted in Fig. 1 (b) .
The circuit is made up of Co-Planar Waveguide (CPW) line and rectangular slots.
Signals go through CPW input port in CPW mode and are transformed into slotline mode coupled to the EBG frame by rectangular slots. Rectangular slots are used instead of common slotlines to increase inductive reactance and corresponding magnetic energy stored at the end of the slots. Consequently, external energy coupling to the filter is enhanced leading to a lower insertion loss of the filter [17].
Moreover, broadband energy transition and coupling is achieved by utilizing rectangular open slots, which enable a constant insertion loss of the filter in its tuning range. Shown in Fig. 1 (c) is the design of the filter's bottom plate to adjust its operating frequency. To apply DC voltages to the varactors, floating metals are formed and separated from surrounding metal plate by air gaps. DC voltages are applied to the floating metals to adjust capacitances of the varactors. Lumped capacitors are connecting the floating metals with the surrounding metal plate. Working frequency of the filter depends on the capacitance values of both the lumped capacitors and varactors.
Equivalent circuit of the proposed filter is shown in Fig. 1 
The total ABCD matrix of these three cascade sections is:
Using matrix transformation equation, S21 of these three cascade sections can be calculated by:
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3 Experimental Results and Discussions
Full-wave simulation solver HFSS is used in theoretic design of the band-pass filter. Rogers RO4350 substrate with a thickness of 1.52mm, dielectric constant of 3.66 and loss tangent of 0.004 is used for implementation of the filter. A two layer metal PCB process is used to construct the metal via posts, top and bottom metal plates. Fig. 2 shows photographs of the fabricated filter. The filter is measured with an HP 8510C network analyzer and SMA connectors. A TRL (Through, Reflect, Line) is adopted for calibration. Bottom view of the filter loaded by varactors and other components is shown in Fig. 2 (b) . Skyworks SMV 1405 varactors and ATC600L series lumped capacitors are chosen for their small size and relatively low loss. To apply DC bias for the varactors, rectangular gaps are formed separating DC bias pads with the surrounding metal plate. 10MΩ resistors are included in the DC bias lines to reduce RF losses. As the biased voltage is increased from 5V to 25V, its corresponding capacitance is reduced from 1.17pF to 0.7pF. Thus the filter's center frequency is tuned to a higher frequency. The filter's tuning range is dependent on the variation range of the capacitance. In order to get a tuning range centered at 5.8GHz, a 1pF lumped capacitor is chosen in the RF signal line. Lumped capacitor is customizable selected to enable the filter working in a specified frequency range. Top view of the fabricated filter is shown in Fig. 3 (b) .
Insertion loss and Qu of the tunable EBG filter depend not only on Q factor of the varactors and surface mounted lumped capacitors [17] but also RF loss caused by the DC bias lines. Simulated and measured s parameters of the tunable filter are shown in Fig. 3 . In this figure, as the DC voltage of the varactors is increased from 5V to 25V, the filter's center working frequency is increased from 5.3 to 6.3GHz, which reflects a tunability of 17.2%. The 1dB fractional bandwidth is below 6.35%. Please note there are two transmission poles for the filter. However, in order to minimize insertion loss of the filter, inter-resonator energy coupling coefficient is carefully chosen and the frequency difference between two transmission poles is minimized, which leads to a one pole like S11 curve shown in Fig. 3 [16] . From aforementioned equation (3), there is no transmission pole at DC for this filter. The measured minimum insertion losses in the passband ranges are 4.4dB±0.2dB. The loss is dominated by the Q of varactors and lumped capacitors [17] . Based on measurement results, effective Qu of the tunable filter is calculated by using equations (5-7) presented in [16] , which results in an effective Qu of 88. The minimum return losses are lower than -15.40dB in simulations. The discrepancy between simulated and measured s parameters is probably attributed from IEICE Electronics Express, Vol.* No.*,*-* 8 fabrication tolerance. The magnitude of the passband keeps almost unchanged during the tuning, a feature that is important for applications where the loss is required to be constant.
Conclusion
In this letter, a novel tunable EBG filter is proposed with a compact size of 3.20×3.90×1.52mm 3 and a customizable operating frequency from 5.3 to 6.3GHz.
The band-pass filter is demonstrated using a PCB manufacturing technology. Experimental results show a good agreement with simulation results. The current design of the filter suggests that a broadband tuning range is achievable, when more varactors are connected in parallel to achieve a large variation range of capacitance.
